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ABSTRACT. Weed resistance to herbicides is a natural phenomenon
that exerts selection on individuals in a population. In Brazil,
glyphosate resistance was recently detected in Digitaria insularis.
The objective of this study was to elucidate mechanisms of weed
resistance in this plant, including genetic variability, allelism, amino
acid substitutions, gene expression, and enzymatic activity levels.
Most of these have not previously been studied in this species. D.
insularis DNA sequences were used to analyze genetic variability.
cDNA from resistant and susceptible plants was used to identify
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mutations, alleles, and 5-enolpyruvylshikimate-3-phosphate synthase
(EPSPS) expression, using real-time quantitative reverse transcriptionpolymerase chain reaction. In addition, EPSPS activity was measured.
We found a decrease in genetic variability between populations related
to glyphosate application. Substitutions from proline to threonine
and tyrosine to cysteine led to a decrease in EPSPS affinity for the
glyphosate. In addition, the EPSPS enzymatic activity was slightly
higher in resistant plants, whereas EPSPS gene expression was almost
identical in both biotypes, suggesting feedback regulation at different
levels. To conclude, our results suggest new molecular mechanisms
used by D. insularis to increase glyphosate resistance.
Key words: Weed resistance; Amino acid substitution;
Genetic variability; Gene expression; Enzymatic activity

INTRODUCTION
Digitaria insularis (L.) Fedde, known as sourgrass, is a Poaceae species native to
the Americas, which grows in rangelands, non-agricultural areas, and non-tillage systems
(Mondo et al., 2010). Sourgrass is a highly competitive perennial weed with C4 physiology
and its reproduction can be accomplished by seed (cross-pollination) or vegetative structures
(Machado et al., 2008). Seeds are propagated by wind, water, vehicles, humans, and animals
(Machado et al., 2006), and they have 90% higher germination rates compared with other
grasses (Gemelli et al., 2012). For each kg of accumulated dry matter, five plants per square
meter can make 1.3 tons of potassium and one ton of nitrogen unavailable in a hectare
(Carvalho et al., 2013).
In order to control weeds in agriculture (including D. insularis), herbicides such
as glyphosate [N(phosphonomethyl)glycine] are often used (Preston and Wakelin, 2008).
Glyphosate is a non-selective herbicide that inhibits the EPSPS (5-enolpyruvylshikimate
3-phosphate synthase) gene (Liu and Cao, 2015). It is a low-cost herbicide with a high-control
efficacy of several weeds (Preston and Wakelin, 2008). Glyphosate is frequently used in crops
with genetically modified organisms conveying glyphosate resistance (Woodburn, 2000).
Consequently, carrying out these control strategies contributes to the selection of glyphosateresistant weeds (Franz et al., 1997). At least 24 weed species have spontaneously developed
resistance to glyphosate in the last decades (Wang et al., 2014).
Herbicide resistance has been related to several mechanisms, such as reduction in the
absorption and translocation of the herbicide (Yu et al., 2007; Barroso et al., 2015), changes
in the herbicide sequestration, and modification in the herbicide metabolism rates (Shaner et
al., 2012). Reduction of herbicide concentration by vacuolar sequestration (Ge et al., 2010)
and selection by herbicide over- and sub-doses (Manalil et al., 2011) have also been reported.
These are non-target-site mechanisms. At the molecular level, resistance mechanisms include
DNA mutations (Manalil et al., 2011), increases in the genomic EPSPS copy number (Chandi
et al., 2012), and EPSPS gene overexpression (Salas et al., 2012), as target-site mechanisms.
Resistant plants can present more than one mechanism (Wang et al., 2014). As a target-site
mechanism, EPSPS mutations are the cause of the low affinity for glyphosate in plants.
There are several mutations, even double mutations, with the most common being the P106
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mutation; a proline to serine amino acid change (Baerson et al., 2000). According to Gaines
et al. (2013), the presence of double mutations in EPSPS can be related to its overexpression.
However, overexpression in Amaranthus weeds did not affect plant fitness (Giacomini et al.,
2014). At the protein level, amino acid substitutions in the EPSPS enzyme, instead of altering
glyphosate affinity, can influence the affinity for the enzyme substrate (phosphoenolpyruvate,
PEP), reducing plant development (de Carvalho et al., 2012).
Glyphosate resistance has been described in D. insularis plants in Brazil (de Carvalho
et al., 2011). When comparing the plant shoot mass, the resistant biotype in D. insularis grows
faster than susceptible types, indicating a selection event (de Carvalho et al., 2011). In this
plant, non-target glyphosate resistance has also been observed, with different glyphosate
absorption, translocation, and metabolic levels in resistant plants (de Carvalho et al., 2012).
Also, the occurrence of resistant weeds in the field, such as D. insularis, causes productivity
losses and increases production costs (Gemelli et al., 2012).
Consequently, with the use of DNA and cDNA sequences of several resistant and
susceptible plants from Brazil, the aim of this study was to integrate several approaches at the
molecular level including genetic variability, allele analysis, amino acid substitutions, gene
expression, and enzymatic activity, in order to elucidate the mechanism of the D. insularis
resistance among different biotypes.

MATERIAL AND METHODS
Plant material, sampled areas, and resistance
Glyphosate-resistant D. insularis seeds were harvested from a citrus field (“Matao”)
and a corn field (“Unesp”). Glyphosate-susceptible D. insularis seeds were harvested from a
lettuce field (never treated with herbicide; “Mogi”). All areas are located in the State of São
Paulo, Brazil (Table 1). The seeds were collected from 40 different parent plants (from Matao,
Unesp, Mogi) and sown in polystyrene pots containing PlantMax® substrate (Agronova,
Jundiaí, SP, Brazil), with two plants per pot. Plantlets were grown in a greenhouse at 26°/18°C
(day/night) with 85% relative humidity. In order to define resistant plants, fresh biomass 21
days after herbicide application was used. Plants with four expanded leaves were sprayed
with glyphosate (Roundup Original, 360 gL-1, Monsanto, São José dos Campos, SP, Brazil)
(Barroso et al., 2015). It was obtained a resistance factor value of 2.36 compared with the
GR50 values of resistant and susceptible biotypes.

DNA extraction, total RNA extraction, and cDNA synthesis
Randomly chosen samples of each location (Table 1) were used for DNA extraction
using the Doyle and Doyle (1987) method. In addition, four resistant plants from “Matao”
and four susceptible plants from “Mogi” were randomly chosen for RNA extraction using the
TRIzol® protocol (Life Technologies, Carlsbad, CA, USA). Three leaves of each plant were
combined and used for RNA extractions. The DNA and RNA material were quantified by
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA)
and the quality was assessed by agarose gel electrophoresis. Total RNA from each sample was
treated with DNAse I (Promega, Fitchburg, WI, USA). cDNA samples were synthesized from
1.0 µg treated RNA using the SuperScriptTM III First-Strand Synthesis System for quantitative
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real-time reverse transcription-polymerase chain reaction (qRT-PCR; Life Technologies).
For evaluation of genomic DNA contamination, PCR controls were performed using total
RNA without reverse transcription as a template, and negative results (absence of bands) were
assessed by electrophoresis on a 1% (w/v) agarose gel with ethidium bromide staining.
Table 1. DNA samples of susceptible and resistant plants of Digitaria insularis with sample location
characteristics.
Sample

City

Latitude

Longitude

Matao_1
Matao_2
Matao_3
Matao_4
Matao_5
Unesp_1
Unesp_2
Unesp_3
Unesp_4
Mogi_1
Mogi_2
Mogi_3
Mogi_4
Mogi_5
Mogi_6
Mogi_7
Mogi_8

Type of
farming
system
Citrus

Altitude (m)

48°26'38.93"O

Times per year
of glyphosate
application*
>6

Matão

21°36'42.15"S

Jaboticabal

21°15'26.77"S

48°16'43.05"O

>2

Corn

610

Mogi das Cruzes

23°30'30.14"S

46°09'49.28"O

0

Lettuce

742

578

*Each dose is approx. 4 L/ha.

Amplification of EPSPS gene, sequence analysis, and alleles
Primers for EPSPS were obtained from Perez-Jones et al. (2007) to perform the
PCR (Table 2) using 100 ng DNA and cDNA samples (Table 2). Bands with amplicons
of specified sizes (Table 2) were sliced, purified with the QIAquick Gel Extraction Kit®
(QIAGEN, Valencia, CA, USA), and sequenced (both strands) using the 3100 Genetic
Analyzer (Applied Biosystems, Waltham, MA, USA). Both forward and reverse sequences
were edited in BioEdit v.7.2.5 (Hall, 1999), in order to find a consensus for each sample,
which was subsequently compared against NCBI records using BLASTx. The translation
and the correct open-reading frame were obtained using ExPASy (Gasteiger et al., 2003).
The amino acid sequences were submitted to a protein family search using PFAM (Finn et
al., 2014) to find protein domains for subsequent analyses. A Clustal W (Larkin et al., 2007)
was performed with all the cDNA consensus sequences and proteins, in order to find alleles
and amino acid substitutions, respectively.

Dendrogram using EPSPS sequences
The cDNA of “Matao_1” and all DNA sequences were used together to find the introns
and exons by alignment. Genetic distances for EPSPS DNA fragments were estimated, using
the Kimura model (Kimura, 1980) assuming different rates for substitutions. A distance matrix
among samples was produced, followed by a distance cladogram using maximum likelihood.
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Topology resampling was implemented using a bootstrap technique, with statistical cluster
support in the resulting cladogram using MEGA 6.
Table 2. Primers used to amplify Actin (Act) and EPSPS by traditional PCR and qRT-PCR in Digitaria
insularis and their parameters.
Gene
symbol
EPSPS*

Type of PCR

Primer sequences (5'-3') forward/reverse

Standard

Act

Standard

EPSPS

qRT-PCR

Act

qRT-PCR

AGCTGTAGTCGTTGGCTGTG/
GCCAAGAAATAGCTCGCACT
GTTAGCAATTGGGATGATATGG/
ATCCAGACACTGTACTTCCT
TGATGGAGCGTTTTGGCGTGA/
GCATTTTTAGGGGACTTGTA
ATATGGCTCACACCATCACC/
CAGGGAGAAGATGACCCAGAT

Tm
(°C)
56

Amplicon length
in cDNA (bp)
564

Primer
efficiency
-

R2

58

794

-

-

60

94

101.7

99.8%

60

133

98.4

99.3%

-

*DNA amplicon length is approx. 1190 bp.

qRT-PCR
The primers for qRT-PCR (Table 2) were designed flanking the mRNA EPSPS and
Actin (Act) sequences (Table 3 and Table S1) with OligoPerfectTM Designer (Life Technologies).
The primer specificity was assessed using the melting curve and the amplification efficiency
was evaluated with the correlation coefficient and slope values obtained from the standard
curve. The qRT-PCR mixture contained 25 ng each sample, 50 µM each primer, 12.5 µL
SYBR® Green PCR Master Mix (Applied Biosystems), and PCR-grade water up to 25-µL total
volume. Each gene reaction was performed with two technical replicates. PCR amplifications
without template were used as negative controls. The reactions were performed employing the
StepOnePlusTM System (Applied Biosystems) under the following conditions: 2 min at 50°C, 2
min at 95°C, 45 cycles of 15 s at 95°C, and 1 min at 65°C. Act was used as the internal control
gene and leaf samples were used as a calibrator to normalize the values between different
plates. Analysis of variance and the Duncan test were computed using the SAS® Statistical
Software at 95% confidence level.

EPSPS enzymatic activity
The same eight plants used for the qRT-PCR were used here. Three leaves of each
plant were combined and powdered using mortar, pestle, and liquid nitrogen. Total protein
was extracted following Umesha (2006) and concentrations were determined following
Bradford (1976) with bovine serum albumin as the standard. EPSPS activity was assessed
by the release of inorganic phosphate when transferring the enolpyruvyl group of the PEP to
the shikimate-3-phosphate (S3P). The malachite green dye assay proposed by Lanzetta et al.
(1979) and modified according to Forlani et al. (1994) was used for the transfer. The reactions
were measured in a 0.1-mL final volume mixture containing 200 mM HEPES-NaOH, pH 7.0,
100 mM S3P, 10 mM PEP, 5 mM ammonium molybdate tetrahydrate, and crude extracts.
After incubation for 20 min at 35°C, 1 mL colorimetric solution and 0.1 mL 34% sodium
citrate solution were added. After a 15-min incubation period, the reactions were centrifuged
for 1 min at 2000 g, at room temperature. The supernatants were filtered to remove any solids.
Finally, the absorbance was measured three times at 660 nm. Analysis of variance and the
Duncan test were computed using the SAS® Statistical Software at 95% confidence level.
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RESULTS
EPSPS gene sequencing
All sequences are available at NCBI, and accession numbers are shown in Table 3
and Table S1. Genomic PCR amplification of the EPSPS gene resulted in amplicons ranging
from 1161 (Matao_5) to 1196 bp (Matao_1) in resistant plants and from 887 (Mogi_8) to 1187
bp (Mogi_7) in susceptible plants. In the case of cDNA, the sizes of the resistant sequences
varied from 514 (plant 3) to 706 bp (plant 1), whereas the susceptible sequences varied from
517 (plant 2) to 542 bp (plant 4). The D. insularis DNA sequences showed similarities of 7482%, whereas the D. insularis cDNA sequences showed similarities of 78-94% with grasses.
The highest similarities for cDNA were obtained for Oryza sativa (90%) and Eleusine indica
(94%). The predicted proteins of all cDNA sequences were searched using the NCBI BLASTp
program and showed similarities higher than 80% for all sequences.
Table 3. NCBI accession number of all sequences used in this study.
Gene
DiAct
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS
DiEPSPS

Sample name
Act
Resist1Allele1
Resist1Allele2
Resist2Allele1
Resist2Allele1
Resist3Allele1
Resist3Allele2
Resist4Allele1
Resist4Allele2
Suscep1Allele1
Suscep2Allele1
Suscep3Allele1
Suscep4Allele1
Matao_1
Matao_2
Matao_3
Matao_4
Matao_5
Unesp_1
Unesp_2
Unesp_3
Unesp_4
Mogi_1
Mogi_2
Mogi_3
Mogi_4
Mogi_5
Mogi_6
Mogi_7
Mogi_8

Type of molecule
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA
DNA

NCBI accession No.
KX096878
KX108889
KX108890
KX108891
KX108892
KX108893
KX108894
KX108895
KX108896
KX108897
KX108898
KX108899
KX108900
KX108901
KX108902
KX108903
KX108904
KX108905
KX108906
KX108907
KX108908
KX108909
KX108910
KX108911
KX108912
KX108913
KX108914
KX108915
KX108916
KX108917

Mutations in resistant plants and EPSPS gene alleles
The sequencing and further comparison of EPSPS cDNA sequences in resistant plants
showed two particular mutations (Table 4). The first one was the nucleotide substitution of
Genetics and Molecular Research 15 (3): gmr.15038730
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cytosine to adenine at position 43 (first codon position), resulting in a change of the amino
acid 15 (proline to threonine) (Figure 1). The second mutation was the substitution of adenine
to guanine at position 428 (second codon position), resulting in a change of amino acid 143
(tyrosine to cysteine) (considering position 1 as the “EVQL” amino acids) (Figure 1). cDNA
sequencing of D. insularis-resistant plants revealed two alleles for each plant (Figure 1).
They exhibited at least one allele with the amino acids (threonine and cysteine) that confer
resistance (Table 4) when translated into protein. Only plant 3 exhibited the second allele with
proline instead of threonine, but having cysteine as the resistant amino acid in the first allele.
Table 4. Alleles and their respective amino acids in different Digitaria insularis-resistant plants.
Resistant plant allele 1
Plant 1
P*
Y*
Resistant plant allele 2
Plant 1
T†
C†

Plant 2
P
C

Plant 3
P
Y

Plant 4
P
Y

Plant 2
T
C

Plant 3
P
C

Plant 4
T
C

*Amino acids that define susceptibility. †Amino acids that define resistance. Amino acids highlighted in bold
indicate the facultative resistance described in this study.

Figure 1. Partial EPSPS protein sequence alignment of resistant and susceptible Digitaria insularis plants with
the Arabidopsis thaliana EPSPS sequence (GenBank accession No. CAA2982.1). Amino acids highlighted in gray
indicate proline to threonine and tyrosine to cysteine substitutions in the resistant (R) plants compared with the
susceptible (S) ones. Red and green dots indicate residues ligated to glyphosate [N-(phosphonomethyl) glycine]
and shikimate-3-phosphate, respectively. The asterisks indicate differences in the protein sequence between A.
thaliana and D. insularis.
Genetics and Molecular Research 15 (3): gmr.15038730
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Genetic distances using EPSPS sequences
The distance-based cladogram revealed two groups for the resistant and susceptible
plants (Figure 2). The susceptible plant group (“Mogi”), with 99% bootstrap support, contained
two subgroups, Mogi_6 and 7, and Mogi_1, 2, 3, 4, 5, and 8, including a total of eight plants
with significant statistical support. Moreover, the resistant plants appeared to belong to
several groups with less complexity (in terms of variability), in which all specimens showed
unresolved relationships due to shorter branch lengths. The resistant group also contained
fewer variable sites.

Figure 2. Maximum likelihood tree using the most conserved DNA sequences of resistant and susceptible Digitaria
insularis plants. Resistant biotypes are highlighted in green letters and background. Susceptible biotypes are
highlighted in red letters, subgroups 1 and 2 are further highlighted with red and blue backgrounds, respectively.
Bootstrap values are provided at each node. Oryza sativa and Eleusine indica were used as outgroups. Scale bar
unit is “nucleotide substitutions per site”.

EPSPS gene expression and enzymatic activity of D. insularis
Melting curves with specific peaks for both genes (Act and EPSPS) are shown in
Figure 3. The primer efficiencies and correlation coefficients were found to be suitable for
subsequent analysis (Table 2). Analysis of variance and the Duncan mean test for qRT-PCR
and enzymatic activity are presented in Tables 5 and 6, respectively. EPSPS gene expression
without glyphosate application between the two biotypes (resistant and susceptible) was
Genetics and Molecular Research 15 (3): gmr.15038730
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statistically different. Susceptible plants presented significantly (P ≤ 0.05) higher (1.1-fold
higher) EPSPS expression than resistant plants (Figure 4).
In contrast, the EPSPS enzyme activity levels (Figure 5) were significantly more active
(5.1-fold higher, P ≤ 0.05) in resistant plants than in susceptible plants. In addition, the gene
expression levels gradually increased from the resistant plant 1, followed by plants 2, 3, and 4,
consecutively (Figure 4). Inversely, enzymatic activity showed the highest value for resistant
plant 1 and gradually decreased in resistant plants 2, 3, and 4, consecutively. This indicates
that there are different levels of resistance across the samples. In the susceptible plants, there
was no inverse or direct relationship between gene expression and enzymatic activity.

Figure 3. Melting curves for the EPSPS and Act genes of Digitaria insularis.
Table 5. Statistics for qRT-PCR data.
Analysis of variance for qRT-PCR
Source
Sum of squares
Between groups
4.95
Within groups
6.56
Total (Corr.)
11.51
Multiple range test-method: 95.0% Duncan
Type
Susceptible
Resistant
Contrast
Resistant-susceptible

d.f.
1
14
15

Mean square
4.95
0.46

Count
8
8
Difference
0.55*

F-ratio
10.56

P value
0.0058

Mean homogeneous groups
22.69 A
23.81 B

*Denotes a statistically significant difference.
Table 6. Statistics for enzymatic activity data.
Analysis of variance for enzymatic activity
Source
Sum of squares
Between groups
1.81
Within groups
6.13
Total (Corr.)
7.94
Multiple range test-method: 95.0% Duncan
Type
Susceptible
Resistant
Contrast
Resistant-susceptible

d.f.
1
22
23

Mean square
1.81
0.27

Count
12
12
Difference
*0.56

*Denotes a statistically significant difference.
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Figure 4. Expression levels of the EPSPS gene in resistant and susceptible plants of Digitaria insularis, using the
Act gene for normalization. The results are reported as mean fold-changes in relative expression compared with
resistant plant 1. The error bars are the mean standard deviation calculated from three technical replicates. The
asterisk indicates a significant difference between susceptible and resistant groups with 95% confidence.

Figure 5. Digitaria insularis EPSPS activity of resistant (R) and susceptible (S) plants. Error bars represent the
mean standard deviation calculated from three technical replicates. The asterisk indicates a significant difference
between S and R groups with 95% confidence.

DISCUSSION
EPSPS alleles and amino acid substitutions in D. insularis related to glyphosate
resistance
We first confirmed that the DNA and cDNA sequences showed identity with the
EPSPS gene and subsequently investigated whether there were differences in the changes
at the nucleotide and amino acids level between and within the resistant and susceptible
populations. We wanted to test whether these mutations (i.e., alleles) contribute to D. insularis
resistance to glyphosate. We found that resistant plants showed substitutions of cytosine to
Genetics and Molecular Research 15 (3): gmr.15038730

Genetics of glyphosate-resistance in Digitaria insularis

11

adenine (proline to threonine) and adenine to guanine (tyrosine to cysteine) (Figure 1), which
corresponded to the findings by de Carvalho et al. (2012) in D. insularis and by Baerson et al.
(2002b) in E. indica.
We found that all resistant plants presented at least one allele (usually cysteine) with
the amino acids conferring resistance (Table 4). Several studies have shown that resistance
increase is attributable to multiple copies of the EPSPS gene, such as L. perenne (Salas et al.,
2012) and Amaranthus palmeri (Giacomini et al., 2014). In contrast, A. tuberculatus (Nandula
et al., 2013) exhibited a single copy of the EPSPS gene, which indicates that not all grasses
have the same mechanism of resistance. DNA-mediated transposon activity and unequal
recombination between different genomic regions resulting in replication of the EPSPS gene
have been suggested to be mechanisms for generating multiple copies (Gaines et al., 2013).
At the protein level, several alleles lead to an increase in the enzyme’s affinity to
bind to PEP. Previous reports have shown that the substitution of proline to serine, leucine, or
threonine resulted in more glyphosate resistance in L. rigidum and L. multiflorum (Baerson et
al., 2002a; Perez-Jones et al., 2007). Similarly, the presence of two EPSPS loci in susceptible
A. palmeri was observed, with one being amplified in glyphosate-resistant plants (Gaines et al.,
2013). A single amino acid substitution of alanine for glycine (at residue 96) in Brassica napus
altered the affinity of the EPSPS gene for glyphosate (Kahrizi et al., 2007). Consequently, the
second substitution observed in the present study (tyrosine to cysteine) seems to be essential
to confer glyphosate resistance in D. insularis.

EPSPS genetic distances of D. insularis
The grouping of resistant and susceptible plants in two different clades was clear
(Figure 2). Multiple-genetic structure studies have been performed previously in species of
the Poaceae family. For example, the perennial grass Miscanthus sinensis showed low genetic
differentiation among 30 populations (Shimono et al., 2013). Similarly, when using three
non-coding regions of chloroplast DNA to examine population structure of 43 populations
of European forest grass Hordelymus europaeus, long-distance dispersal due to a widespread
ancestor was found (Dvořková et al., 2010).
In contrast, the PAL gene and the intergenic spacer gene fragment rpl32-trnL were
used to study the population structure and phylogeography of Camellia taliensis (Liu et al.,
2012). In the 21 studied natural populations of C. taliensis (Theaceae), moderate genetic
differentiation, restricted gene flow through seeds, and historical habitat fragmentation
were found (Liu et al., 2012). Traditionally, DNA regions such as rbcL, matK, and trnL-F
were used to obtain a phylogenetic tree for the Poaceae family (Bouchenak-Khelladi et
al., 2008), including the Digitaria, Echinochloa, and Panicum genera. Our results for D.
insularis indicate two separate groups, which are related to the susceptible and resistant
groups (Figure 2). The susceptible group is located in “Mogi” and resistant biotypes are
located in “Unesp” and “Matao”.
Two distinct groups of M. sinensis were found to have a wide geographical distribution
and coexisted within 43 populations studied (Shimono et al., 2013). In the present study, a
high diversity in the susceptible samples, at least in subgroup 1 was evident (Figure 2). In
contrast, little diversity for resistant samples could be inferred. These results suggest exposure
effects to glyphosate for D. insularis by selection of resistant over susceptible plants and its
associated genotypes.
Genetics and Molecular Research 15 (3): gmr.15038730
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EPSPS gene expression and enzymatic activity of D. insularis
The possible contributions of the transcriptional and translational regulation in
resistance were examined. In the absence of glyphosate application, resistant D. insularis plants
presented lower EPSPS gene expression (Figure 4) and higher EPSPS enzymatic activity (Figure
5) compared to susceptible plants, and these differences were statistically significant (Table
6). These results indicate that at least the higher enzymatic activity in resistant plants without
herbicide application contributes to the resistance process in D. insularis described in this study.
Changes in the different mechanisms that usually contribute to the resistance process
may be used to estimate the real contribution of each mechanism in the glyphosate resistance
(Baerson et al., 2002a). In some cases, the EPSPS gene was expressed at the same level in
resistant and susceptible plants, as in the case of A. tuberculatus (Nandula et al., 2013) and
L. rigidum (Baerson et al., 2002a). In contrast, higher EPSPS gene expression was found in
resistant plants of O. sativa (Wang et al., 2014) and Conyza spp (Dinelli et al., 2008) without
glyphosate application, and in L. perenne (Salas et al., 2012) with glyphosate application.
In other cases, higher gene expression and enzymatic activity appear together. For example,
glyphosate-resistant plants of E. indica presented 4- and 5-fold higher EPSPS expression
and EPSPS activity, respectively (Baerson et al., 2002b). Other studies have shown that even
without glyphosate treatment, resistant plants have a stronger competitive ability (Vila-Aiub
et al., 2009), such as the case of D. insularis in this study.

Resistance biology of D. insularis and implications of this study
Long periods of D. insularis permanence (being a perennial species) in production
areas (Carvalho et al., 2013) along with periodic herbicide application most likely lead to
selection of high resistant plants of this weed. The aggressive regeneration throughout the
entire year due to efficient seed germination is also a notorious characteristic of this species,
which is positively photoblastic and highly dependent on temperature and provenance (De
Mendoça et al., 2014).
Traditionally, anatomical and physiological traits of glyphosate resistance in D. insularis
have been identified: in resistant biotypes, significant rhizome development with a thick leaf blade
and high stomata index and number per mm2 were observed (Carvalho et al., 2013; De Mendoça
et al., 2014; Barroso et al., 2015). However, behind the phenotypical characters, gene structure
rearrangements play essential roles in plant function, including changes in photorespiration and
photosynthesis, stress response, anatomical modifications, habitat specialization, adaptation, and
domestication (Barbazuk et al., 2008; Edwards and Smith, 2010).
In our survey, even with different glyphosate application, such as the citrus culture
(approx. six times per year) and corn crop (approx. twice per year) (4 L per ha during 12
years in both cases) (Table 1), the consequences were the same: selection of D. insularisresistant plants at different levels. In Brazil, several glyphosate-resistant biotypes of this
species have been observed to interfere the annual and perennial crop growth (de Carvalho
et al., 2012). Chemical control is highly efficient in its initial growth stages, limiting rhizome
and seed production (Carvalho et al., 2013). Removing weeds just after planting the summer
annual crops is also recommended when no-till systems are used (Carvalho et al., 2013).
As an observation of this study, resistance events homogenize the variability in D. insularis,
naturally observed in susceptible biotypes, such as in “Mogi” plants (Figure 2). The resistant
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biotypes surveyed in “Unesp” and “Matao” showed similar variability, being clustered in the
same group (Figure 2).
In this study, new molecular explanations to the biological response for glyphosate
resistance in D. insularis have been identified. These mechanisms appear to be integrated:
1) The substitution of proline to threonine and tyrosine to cysteine (Table 4, T+C vs P+C)
was observed as described previously by de Carvalho et al. (2012). However, at least two
alleles were found in our study that exhibited facultative resistance. Not all the resistant plants
presented threonine, but the cysteine amino acid seems to be essential to confer glyphosate
resistance in D. insularis (Table 4). 2) Even with the geographical separation of some
resistant biotypes existing in São Paulo State, the biotypes do not show genetic variability
when DNA sequences without introns are used for the analysis. 3) In resistant plants, EPSPS
gene expression and enzymatic activity were lower and higher than in susceptible plants,
respectively, at different levels, but without a link with the types of alleles or the amino acid
substitutions. These new molecular aspects illustrate that the resistance process is much more
complex than we expected, with several target- and non-target-site mechanisms complicating
the management and herbicide application.
To conclude, our results suggest that: 1) Mutations in one or both alleles of the
EPSPS gene confer resistance, possibly with one or two amino acid substitutions (facultative
resistance). 2) We identified low diversity at the local scale in the genetic pool of resistant D.
insularis biotypes due to herbicide control. 3) D. insularis resistance is most likely associated
with regulation related to increased levels of EPSPS enzymatic activity that is not directly
related to gene expression. 4) D. insularis has several target- and non-target-site mechanisms
for glyphosate resistance.
To increase our knowledge on the biology and molecular aspects of the resistance
in D. insularis, it is critical to develop efficient strategies for its control. Similarly, more
evidence about the cause and effect relationship between variability and herbicide application
is essential. We used a relatively small sample size and sampled only a few locations. There is
therefore the potential that bottleneck events other than glyphosate application are involved.
This study has elucidated new genetic aspects of glyphosate resistance process in D. insularis.
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Supplementary material
Table S1. Digitaria insularis sequences obtained from the resistant and susceptible plants. The genomic DNA
sequences were used for the genetic variability analysis. The mRNA sequences were used to identify alleles and to
perform the qRT-PCR.
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